We carried out Hi-C experiments to study the dynamic chromatin interactions in a primary human fibroblast cells (IMR90) in response to transient TNF-α signaling. Combining the Hi-C data from IMR90 cells before and after 1hr TNF-α treatment, we obtained a total of \~3.4 billion uniquely mapped paired-end reads from 6 biological replicates in each condition, among which \~1.4 billion are intra-chromosomal reads ([Supplementary Table S1--S2](#SD2){ref-type="supplementary-material"}). In order to accurately identify chromatin looping interactions with high sensitivity and resolution, we devised an improved data filtering strategy^[@R6]^ based on the strand orientation of Hi-C paired-end reads ([Supplementary Fig. 1--6, Supplementary Methods](#SD2){ref-type="supplementary-material"}), which results in over 500 million high-confidence read pairs ([Supplementary Table S1--S2](#SD2){ref-type="supplementary-material"}), each representing a legitimate ligation event between two restriction fragments on the same chromosome. Recognizing that some reads may be due to random collision events between restriction fragments^[@R4],[@R7]^, we also estimated the expected frequency between any two restriction fragments, and then fitted a negative binomial model to assess the significance of observed contact frequency ([Supplementary Methods, Supplementary Fig. 7--9](#SD2){ref-type="supplementary-material"}). Compared to previous methods^[@R4]^, our data analysis method permits detection of chromatin interactions at short distance. For example, we observed asymmetric distribution of *cis*-contacts from highly expressed promoters to the immediate downstream gene bodies ([Supplementary Fig. 10](#SD2){ref-type="supplementary-material"}). This observation is reminiscent of a recent study showing interactions between a subset of exons and their promoters^[@R8]^. Interestingly, while such bias at promoter is correlated with elongation of RNA polymerase II, it remains when transcription elongation is blocked by the pTEF-b inhibitor flavopiridol ([Supplementary Fig. 11](#SD2){ref-type="supplementary-material"}), suggesting that the maintenance of promoter/gene body contacts is independent of active transcription.

In order to accurately map at high resolution the chromatin interactions genome-wide, we devised an algorithm ([Supplementary Fig. 12](#SD2){ref-type="supplementary-material"}) to identify statistically significant looping interactions centered on a given genomic region from Hi-C contact matrix ([Fig. 1a](#F1){ref-type="fig"}). Applying this method to the *CCL2* locus, we were able to determine the distal enhancers and CTCF binding sites interacting with the *CCL2* promoter ([Fig. 1a--b](#F1){ref-type="fig"}). Our algorithm also identified a number of previously reported long-range chromatin interactions at the *HoxA* gene cluster^[@R9]^ and the *SHH* locus^[@R10]^, which were not readily observable from lower resolution analysis ([Supplementary Fig. 13--14](#SD2){ref-type="supplementary-material"}). We further performed conventional 3C experiments to validate 6 pairs of long-range interactions identified at 5 different genes, and the results confirmed the reliability of our method ([Fig. 1c](#F1){ref-type="fig"}, [Supplementary Fig. 15](#SD2){ref-type="supplementary-material"}).

We next applied the above algorithm to the 518,032 anchor regions in the human genome, with each containing one or a few HindIII restriction fragments (fragments shorter than 2kb are merged) ([Fig. 2a](#F2){ref-type="fig"}), and uncovered a total of 1,116,312 chromatin interactions with a false discovery rate (FDR) of 0.1 ([Supplementary Data](#SD2){ref-type="supplementary-material"}). We found that strong interactions supported by lower p-values and higher contact frequencies are more reproducible between biological replicates ([Supplementary Fig. 16](#SD2){ref-type="supplementary-material"}). Since interactions between loci separated by more than 2Mb are very rare ([Fig. 2c](#F2){ref-type="fig"}), we limit our search to this genomic span. The sizes of the identified interacting DNA loci range from several hundred base pairs to over 50kb, with a median of 10.5kb ([Fig. 2b](#F2){ref-type="fig"}). We were able to identify chromatin interactions that span a genomic distance from several hundred base pairs to over 1 million base pairs ([Fig. 2c](#F2){ref-type="fig"}). Consistent with previous reports that the genome is partitioned into megabase-sized topological domains^[@R11]--[@R13]^, we found that a majority of the identified chromatin interactions in the IMR90 cells are located within the same topological domains ([Fig. 2d](#F2){ref-type="fig"}, [Supplementary Fig. 18](#SD2){ref-type="supplementary-material"}).

We next characterized the chromatin interactions centered on the *cis*-elements annotated in the IMR90 cell genome^[@R14]^ ([Supplementary Data](#SD2){ref-type="supplementary-material"}). Chromatin looping interactions are significantly enriched at *cis*-regulatory elements, especially active promoters, enhancers and CTCF binding sites, and are rare at inactive TSSs or regions with repressive chromatin domains marked by H3K27me3 ([Fig. 2e--f](#F2){ref-type="fig"})^[@R15]^; notably, both active and poised enhancers (distinguished be the status of H3K27ac)^[@R16]--[@R18]^ are found equally likely to engage looping interactions ([Fig. 2e--f](#F2){ref-type="fig"}), raising the possibility that DNA looping could take place after priming of enhancers by H3K4me1 but before further activation^[@R19]^. Interestingly, the chromatin interactions centered on CTCF binding sites tend to occur over a longer range than other types of *cis*-elements ([Fig. 2g](#F2){ref-type="fig"}), confirming a recent result obtained from selected loci^[@R20]^. We also explored the spatial organization of *cis*-elements by examining preferential interaction between different classes of elements. Strongest enrichment was observed between H3K27me3 marked regions ([Fig. 2h](#F2){ref-type="fig"}), consistent with the known compact 3D structure at this type of repressive chromatin domains^[@R21]^ (e.g. [Supplementary Fig.14a](#SD2){ref-type="supplementary-material"}). The inactive promoters tend to interact with regions depleted of enhancers but enriched for repressive mark H3K27me3 ([Fig. 2h](#F2){ref-type="fig"}), while CTCF binding sites loop to both active and inactive promoters with no preference, as also reported previously^[@R15]^. It is also interesting to observe that CTCF binding sites seem to prefer promoters over enhancers ([Fig. 2h](#F2){ref-type="fig"}), suggesting a specific role for CTCF in organizing long-range chromatin interactions to promoters.

Looping interactions between *cis*-regulatory elements and gene promoters have been shown to be important for transcription regulation at a number of loci^[@R3]^. The genome-wide identification of chromatin interactions in the IMR90 cells allowed us to examine this concept systematically. We first focused on the looping interactions anchored to gene promoters, and denote the identified interacting sequences as "promoter tethered regions" (PTRs) ([Fig. 3a](#F3){ref-type="fig"}). In IMR90 cells, we found 57,585 PTRs identifying 29,132 enhancer-promoter (EP) pairs involving 6,133 active promoters and 15,432 distal active enhancers ([Supplementary Data](#SD2){ref-type="supplementary-material"}). Only around 25% of EP pairs are within 50kb range, and \~57% span 100kb or larger genomic distance, with a median distance of 124kb ([Fig. 3b](#F3){ref-type="fig"}). We assigned 55% of distal enhancers to at least one active promoter, and 25% of enhancers to 2 or more active promoters ([Fig. 3c](#F3){ref-type="fig"}, left panel). This result confirms previous observation that promoters and enhancers often form complex networks to regulate transcription^[@R15]^. We further hypothesized that genes sharing common enhancers (denoted hub enhancers) are likely to have coordinated gene expression patterns. Indeed, genes sharing the same NF-κB responsive enhancers are more frequently induced together by TNF-α than expected by chance ([Fig. 3d](#F3){ref-type="fig"}). As an example, *CKAP2L* and *IL1A* are induced simultaneously by TNF-α although lacking promoter bound p65 peaks, and they share overlapping distal PTR regions containing multiple NF-κB binding sites ([Fig. 3e](#F3){ref-type="fig"}). Similar examples can be found in other gene clusters co-induced by TNF-α treatment ([Supplementary Fig. 19](#SD2){ref-type="supplementary-material"}). These results therefore provide a molecular mechanism for coordinated gene expression of neighboring genes.

Interestingly, 46% of the active genes do not interact with any distal enhancer ([Fig. 3c](#F3){ref-type="fig"}, right panel). Gene ontology analysis showed that these genes are enriched with housekeeping genes ([Supplementary Fig. 20a](#SD2){ref-type="supplementary-material"}). On the other hand, 54% of the active promoters demonstrate extensive looping interacting with enhancers (average 4.75 enhancers per gene, [Fig. 3c](#F3){ref-type="fig"}, right panel), and they are enriched with genes related to biological pathways such as signal transduction ([Supplementary Fig. 20b](#SD2){ref-type="supplementary-material"}). This analysis suggests that housekeeping genes, despite being highly transcribed, do not engage a lot of distal regulatory elements. On the other hand, genes involved in cell specific functions are under extensive control of distal regulator sequences.

We next examined long range looping interactions at transcriptional enhancers, focusing on those bound by the p65 subunit of NF-κB transcription factor. Using ChIP-seq, we identified 15,621 p65 binding sites in the genome after TNF-α treatment, 2,315 (14.8%) of which can be classified as "active p65 binding sites" because they exhibit increased H3K27ac levels and eRNA expression upon TNF-α signaling ([Supplementary Fig. 21--22](#SD2){ref-type="supplementary-material"}). Consistent with their putative role in mediating transcriptional induction, these "active p65 binding sites" are enriched near TNF-α dependent genes ([Supplementary Fig. 22c](#SD2){ref-type="supplementary-material"}). We next tested if the long-range interactions between these p65 binding sites and their target promoters are correlated with transcriptional induction. Indeed, at the promoters that exhibit interactions with one or more active p65 binding sites, significantly higher levels of transcriptional induction were observed than the promoters that do not interact with distal p65 binding sites ([Fig. 3f](#F3){ref-type="fig"}), suggesting that the identified long-range chromatin interactions may play a key role in transcriptional regulation of the TNF-α inducible genes.

The high-resolution map of chromatin interactions may also improve the prediction of target genes of distal enhancers. Currently, a common practice is to assign distal enhancers to their nearest promoters, assuming one enhancer is linked to just one target gene (proximity approach). This approach, however, cannot explain all of the 828 TNF-α responsive genes. We found 331 (40%) of these genes have one or more p65 binding sites within 2.5kb of their promoters, and 362 genes of the remainder can be assigned to one or more NF-κB binding sites by proximity approach, leaving still 135 TNF-α induced gene unexplained. Using a recently published enhancer-promoter connection map^[@R22]^ based on correlated chromatin features across diverse tissues or cell types, we were able to link 10 of the 135 unexplained TNF-α inducible genes to distal NF-κB binding sites. Using the chromatin interactome map, 74 (55%) of the unexplained genes can be assigned to a NF-κB binding site ([Supplementary Fig. 23](#SD2){ref-type="supplementary-material"}). This result illustrates that the chromatin interactome map described here could be valuable for the study of long-range regulation of gene expression by transcription factors.

We found no obvious alterations of mega-base topological domains^[@R12]^ in IMR90 cells upon TNF-α treatment (for example, [Supplementary Fig. 13](#SD2){ref-type="supplementary-material"}). Since previous studies have shown that gene activation by enhancers is accompanied by alteration of chromatin interactions^[@R3],[@R23],[@R24]^, we expected that at shorter distance, binding of NF-κB to enhancers would induce looping interactions that bring the distal enhancers to proximity with target genes. To our surprise, we found that at the vast majority of TNF-α responsive enhancers, there is little change of DNA looping after treatment ([Fig. 4a](#F4){ref-type="fig"}). These results suggest that in general, enhancer-promoter interactions already form in untreated cells; and these pre-existing DNA-structures are not significantly altered by transient activation or repression of enhancers. 3C assays confirm that DNA looping exists at several loci prior to TNF-α treatment ([Fig. 1e](#F1){ref-type="fig"}, [Supplementary Fig. 15a--c](#SD2){ref-type="supplementary-material"}). We further compared the normalized reads count anchored to the TNF-α activated enhancers at different ranges of genomic distances ([Fig. 4b](#F4){ref-type="fig"}, [Supplementary Methods](#SD2){ref-type="supplementary-material"}). Consistent with the results in [Fig. 4a](#F4){ref-type="fig"}, transient activation of p65 bound enhancers does not lead to significant changes in chromatin interactions ([Fig. 4b](#F4){ref-type="fig"}). By contrast, the chromatin interactions (especially within a short genomic distance) at cell type specific enhancers are highly variable between cell types ([Fig. 4c--d](#F4){ref-type="fig"}), suggesting the existence of specific chromatin interaction structures at cell type specific enhancers. Interestingly, the discrepancy between signal-dependent and cell-type specific enhancers is well correlated with the levels of H3K4me1 at those dynamically regulated enhancers: Despite the quick induction of H3K27ac mark at TNF-α responsive enhancers, strength of H3K4me1 signal are largely unchanged ([Fig. 4e](#F4){ref-type="fig"}); on the other hand, cell type specific enhancers have highly cell-specific H3K4me1 occupancy ([Fig. 4f](#F4){ref-type="fig"}).

Recently, pre-existing promoter-enhancer looping was reported at several loci induced by p53, FOXO3 and glucocorticoid receptor using 4C approach^[@R20],[@R25],[@R26]^. Our genome-wide analysis of chromatin interactome maps in IMR90 cells suggests that this is likely a common rule rather than a special case. To further demonstrate its generality, we examined 6 additional promoter-enhancer pairs by 3C assays in four different cell types (IMR90, HUVEC, MCF7 and LNCaP cells) under different stimuli (IFN-γ, TNF-α, β-estradiol and 5α-dihydrotestosterone, respectively). In all of these examples, we found evident pre-existing promoter-enhancer contacts, and the looping interactions are largely unchanged after enhancer activation and target gene induction ([Supplementary Fig 15d, 24](#SD2){ref-type="supplementary-material"}). Our results predict that pre-existing chromatin looping interactions could dictate the spectrum of the target genes for a transcription factor even before it is activated. Indeed, p65 binding sites looping to the promoters prior to induction are much more likely to result in transcriptional activation of the linked gene than otherwise ([Fig. 4g](#F4){ref-type="fig"}). This trend is especially obvious when the p65-binding sites are located far from the linked promoters. Based on this observation, we conclude that pre-existing DNA-looping interactions between enhancers and promoters allow a ubiquitous, signal-dependent transcription factor to affect a selected set of genes in a cell type specific manner.

In summary, we demonstrated that enhancer/promoter interactions already form in each cell type prior to the binding of signal dependent transcription factors, and they undergo little change during transient transcriptional activation. Several recent genome-wide studies have revealed that in different cell type, the repertoire of specific enhancers provides a unique context for the activation of different transcriptional programs in response to signal dependent transcription factors including NF-κB^[@R19],[@R27]--[@R30]^. Here, our results further suggest that targets of cell-specific enhancers are already hardwired into the chromatin architecture. We therefore propose that cell type-specific looping structure, by controlling the accessibility of the enhancers to their specific targets, may form an additional layer of regulation in determining the distinct transcription programs in different cell types.
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===============

Hi-C experiments were performed in human primary IMR90 fibroblasts. ChIP-Seq, GRO-Seq, or RNA-seq libraries were also generated from IMR90, HUVEC, MCF7 or LNCaP cells and sequenced on the Illumina Hi-Seq2000 platform. All the reads were mapped to reference human genome (hg18). More information about the experiments and detailed descriptions of Hi-C data analysis pipeline, including data filtering, normalization, statistical modeling and interaction calling can be found in [Supplementary Methods](#SD2){ref-type="supplementary-material"}.
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![Fine mapping of chromatin interactions in IMR90 cells\
**a**, An illustration of the Hi-C data analysis procedure to identify regions interacting with a selected genomic region, such as the *CCL2* locus as highlighted in yellow ([Supplementary Method](#SD2){ref-type="supplementary-material"}). **b**, Genome browser shot of the *CCL2* locus showing the results from Hi-C, ChIP-seq and Gro-seq experiments. Each bar in the top 2 tracks are either Hi-C reads count (dark brown) or expected frequency (light brown) from a fragment to *CCL2* locus (highlighted in yellow and orange filled box). Black filled boxes are regions interacting with *CCL2* called by the peak calling algorithm same as the black filled boxes in (**a**). Light blue shadows highlight the enhancer/CTCF locations from ChIP-seq data. *CCL2* is induced by TNF-α (shown in the GRO-Seq tracks). **c**, Validation of the DNA looping interactions with *CCL2* using 3C assays. Yellow: anchor fragments in Hi-C or 3C (with star). Error bar: *s.d.* from 3 PCR replicates.](nihms522588f1){#F1}

![Characterization of the IMR90 chromatin interactome\
**a**, Histogram showing the size distribution of all HindIII restriction fragments in human genome. The red curve plots the size distribution of all anchors used in this study. **b**, Size distribution of the genomic regions identified as interacting with all anchors. **c**, Distribution of genomic spans of all identified chromatin interactions. Histogram: frequency distribution; Red curve: cumulative fraction with increasing distances. **d**, Fraction of chromatin looping interactions that fall within the same topological domains is plotted as a function of genomic distance between the two interacting loci (red curve). Black curve: expected fraction calculated from random shuffling locations of topological domains (100 iterations, dashed error lines: *s.d.*). **e**, Average number of peaks identified for anchors with different *cis*-elements. **f**, Percentages of all interactions involving various types of *cis*-elements (either anchor or target peak has the elements). In **e--f**, *Z*-scores were calculated comparing the actual values to simulation by randomly shuffling the locations of *cis*-elements (100 iterations, two-side *Z*-test). \* *Z* \> 50, \*\* *Z* \> 100, \*\*\* *Z* \> 150. **g**, Box plot showing the distance distribution from different types of anchors to their targets. Median distances are also labeled. *t*-statistics are computed comparing log-transformed distance between each type of anchors to all anchors as control (dash horizontal line). \* *t* \> 20, \*\* *t* \> 40, \*\*\* *t* \> 80 (two-side *t*-test). **h**, Preferential interactions between different types of *cis*-elements. Heatmap shows the fold enrichment of different type of pair-wise combinations. *p*-values are computed using hypergeometric test and denoted in each cell.](nihms522588f2){#F2}

![Identification and characterization of promoter-enhancer interactions in IMR90 cells\
**a**, A schematic of promoter tethered regions (PTRs). **b**, Distribution of distances between the promoters and enhancers found within the PTRs. **c**, Bar charts show the degrees of interactions. Left: Percentage of enhancers that are looped to active promoters found in PTRs. The first value of μ is the mean degree of promoter interactions for all enhancers; the second value is the mean degree of promoter interactions for enhancers interacting with at least one promoter. Right: distribution of degrees of enhancer interactions for active promoters. **d**. Genes sharing enhancers are co-regulated. Among the target genes of TNF-α responsive hub enhancers, proportion of co-induced gene pairs (\> 2-fold) are plotted and compared to random simulation (100 iterations, two-side *Z*-test, \* *p* \< 0.05, \*\* *p* \< 0.01, error bar: *s.d.*) **e**, Genome browser snapshots showing the virtual 3C plots of the *CKAP2L* and *IL1A* promoters. **f**, Compare the induction of different gene groups based on the location of p65 induced enhancers.](nihms522588f3){#F3}

![The higher order chromatin structure in IMR90 cells is stable during transient TNF-α signaling\
**a**, A scatter plot comparing reads count at PTRs before and after TNF-α treatment. Grey dots are data for PTRs involving all enhancers, red or blue dots are PTRs involving the top 500 induced or repressed enhancers, respectively. *r*: Pearson's Correlation calculated from all data points. **b**, Scatter plots compare normalized contact frequencies ([Supplementary Methods](#SD2){ref-type="supplementary-material"}) of all enhancers before and after 1 hr TNF-α stimulation. **c**, Scatter plots compare contact frequencies of enhancers in IMR90 and hESC cells. Colored points represent the top 2,000 hESC- (red) or IMR90-specific (blue) enhancers defined by H3K27ac mark. **d**, The relative change of contact frequency (comparing to untreated IMR90 cells) at hESC-specific or TNF-α induced enhancers are plotted in line graphs. **e**, Box plots of H3K4me1 and H3K27ac signals on enhancers that show increased or decreased H3K27ac signals after TNF-α treatment. **f**, Boxplots of H3K4me1 and H3K27ac ChIP-seq signals at the IMR90 or hESC specific enhancers. **g**, Bar charts showing that NF-κB binding sites within PTRs are more likely to activate target genes than those outside PTRs. In this figure, PTRs are identified using the Hi-C data from untreated IMR90 cells. The *p*-values are calculated using hypergeometric test.](nihms522588f4){#F4}
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